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Introduction.
Imidazole is an important aromatic N-heterocyclic compound because of its significant role in biosystems and its versatile coordination ability.
[1] The 2,2´-biimidazole molecule, H 2 biim, is one of the most useful dimeric analogue of imidazole and well known ligand for transition metals. Compounds containing H 2 biim moiety have been the focus of several investigations due to their biological and catalytic activity.
[2]
Anti-protozoal, [2d] anti-tuberculosis, [2e] anti-cancer, [2f] and cardiotonic, [2g] properties are examples of pharmacological functionalities of biimidazole based compounds. The conjugate polymers of imidazole and biimidazole containing metal compounds exhibit outstanding sensing properties to metal ions, anions, nitric oxide and amino acids. [3] In H 2 biim, two imidazole rings are capable to adopt coplanar orientation when the ligand reacts with a metal cation. This favors chelation as the primary coordination mode. [4] However, few exceptions, where H 2 biim behaves as a bridging ligand in binuclear and polynuclear compounds, are also known. [5] If the N-H hydrogens are replaced with bulkier groups, chelation is less likely. Therefore, Nsubstituted R 2 biim moieties are more commonly acting as bridging ligands in binuclear, [6] oligonuclear or polynuclear [7] compounds. So far, only few literature precedence exist of mononuclear compounds where 1,1´-dimethyl-2,2´-biimidazole, Me 2 biim involved in chelation with the metal ion.
[8]
Coordination modes of unsubstituted biimidazole vary from monodentate to tetradentate depending on the reaction conditions and level of protonation ( Fig. 1) . In neutral medium the most common coordination mode of H 2 biim is bidentate chelating bonding (Fig. 1a) . [9] In this mode the protonated nitrogens are available for H-bonding as H-bond donors. [9] Removal of N-H protons produces typically tridentate (mono-deprotonated biimidazole, Hbiim -), [10] or tetradentate (fully deprotonated biimidazole, biim -2 ) [11] ligands (Fig. 1b, c) . Basic medium usually favors these two coordination modes. In acidic medium biimidazole can be protonated to H 3 biim + or H 4 biim 2+ . The cationic H 3 biim + ( Fig. 1d) However, only limited number of such biimidazole derivatives have been synthesized and structurally characterized and even fewer of those have been used as ligands in metal compounds. [14, 15] Figure 2. Ring -substituted (R') and N -substituted (R) 2,2´-Biimidazole.
This paper describes the synthesis and structural characterization of a series of zinc and copper coordination compounds with ring-substituted Df-R 2 biim (2,2´-bi-1R-imidazole-5,5´-dicarboxaldehyde, R= Me, Et or Pr) derivatives. The goal was to use different ring substituents and the level of protonation as tools for preparation of polar and especially Zwitterionic coordination compounds. The products were characterized by NMR, IR, elemental analysis, molar conductivity and single crystal X-ray crystallography.
The potential reaction route to Zwitterionic products is also briefly discussed.
Experimental Section
2.1 General Considerations. R 2 biim and ring-substituted 2,2´-biimidazole derivatives, 2,2´-bi-1alkyl-imidazole-5,5´-dicarboxaldehyde (Df-R 2 biim) were synthesized by following literature methods (see ESI). [16, 17] : 4b) were synthesized from the reaction of ZnCl 2 with R 2 Biim (R = Et or Pr) in acidic medium (pH = 3−4). These compounds were characterized only by single crystal X-ray crystallography (see ESI).
X-ray Crystallography
X-ray Structure Determination. The crystals of 1-5 were immersed in cryo-oil, mounted in a MiTeGen loop and measured at 120-123 K. The X-ray diffraction data were collected on an Agilent Technologies Supernova or a Bruker AXS Kappa Apex diffractometer using Mo Kα or Cu Kα radiation. The CrysAlisPro [18] or Denzo-Scalepack [19] program packages were used for cell refinements and data reductions.
Structures were solved by charge flipping method using SUPERFLIP [20] program or by direct methods using [21] program. An analytical, Gaussian, or multi-scan (CrysAlisPro [18] , SADABS [22] ) absorption correction was applied to all data. Structural refinements were carried out using SHELXL-2014 [21] or SHELXL-97 [21] software. In structure 2b1, carbon atoms of some of the alkyl substituents (C9-C14) were slightly disordered but no disorder model was used in the final structure refinement. In 4a, one of the ethyl substituents (C9C, C10C/C9D C10D) was disordered over two sites with occupancy ratio of 0.48/0.52. The carbon atoms of these disordered groups were restrained with effective standard deviation 0.01 so that their U ij components approximate to isotropic behavior. In structure 5, two of alkoxy groups (C13-C15B) were disordered over two sites with occupancy ratio of 0.57/0.43. Also, Br2 atom was slightly disordered but no disorder model was used for the final structure refinement. Hydrogen atoms were either placed in calculated positions or located from the difference Fourier map. In all cases hydrogen atoms were refined using riding model. The crystallographic details of 1b, 1d, 2a, 2b, 2c, 3a, and 3b are summarized in Table S1 .
SHELXS-2014
Crystallographic details of all other structures (4 and 5) are given in Table S3 . Graph sets for intermolecular H-bonding were analyzed by using Mercury. [23] 6
Results and discussion
A series of ring-substituted 2,2´-biimidazole derivatives were synthesized by adopting literature procedure. [17] The ligand synthesis method was slightly modified by increasing the reaction time and molar amounts of reagents used to improve the yields and selectivity towards 2,2´-Bi-1R-imidazole -5,5´-dicarboxaldehydes (Df-R 2 biim) (see ESI). The ligands (Df-R 2 biim) synthesis involves direct lithiation followed by subsequent formylation with DMF in THF solution.
Reaction of Df-R 2 biim with ZnCl 2 and CuCl 2 ⋅2H 2 O in methanolic solution produced neutral binuclear Zn(II) (1a-c) [23] and mononuclear Cu(II) (1d) compounds (Scheme 1). Df-Me 2 Biim formed mononuclear square planar structure, where the imidazole derivative was chelating (1d).
Unlike in structures 1a-1c, the imidazole rings in the chelating 1d structure were nearly coplanar.
Reaction of Cu 2+ with ethyl and propyl substituted ligands gave solid products but no X-ray quality crystals could be obtained. These products were characterized only by elemental analysis. Because of the lack of crystal structures, detailed geometries of products 1e and 1f could not be confirmed. Based on literature and obtained results, it can be assumed that the structure of 1e and 1f could resemble either mononuclear copper compound 1d or a binuclear zinc compound 1a-c. [6, 24] Scheme 1. Synthesis of Zn(II) and Cu(II) compounds in neutral and acidic medium.
When the compounds 1a-1f were redissolved in methanol by adding few drops of concentrated HCl (pH = 3−4), either one or both metal-nitrogen bonds were broken and protonated. This led to two types of new products i.e. Zwitterionic (2a-d) (3a,b) . The ligand also had to have longer chain alkyl groups as ringsubstituents (Fig. 3) . If either aldehyde group or longer chain alkyl group was missing, only ion pairs were obtained (3a,b and 4a,b). Interestingly, the acetal formation was found to be reversible. When the acetal containing Zwitterion compound 2b was recrystallized from acetonitrile, the acetal groups were hydrolyzed back to aldehyde (2b1) due to residual water of the solvent.
The reaction of ZnCl 2 with Df-Et 2 Biim was also performed in methanolic HBr solution. In this reaction, the formation of the Zwitterionic compound was accompanied by exchange of Cl ligands with Br (5).
Molar conductivity.
The stability of the Zwitterions in solution was studied by dissolving compounds 2a and 2b in methanol and measuring the conductivity of the solutions (5⋅10 -4 M). 
Crystal Structures
The molecular structures with the numbering schemes are shown in Figures 4-7 . Crystallographic data and selected bond distances, angles are summarized in the supplementary Table S1 , S2 and S3.
[Zn 2 Cl 4 (Df-Et 2 Biim) 2 ] (1b). As in the case of known [Zn 2 Cl 4 (Me 2 Biim) 2 ] structure, [24] 
Conclusions
A series of ring-substituted biimidazoles (Df-R 2 biim; R=Me, Et or Pr) were used for the synthesis of binuclear Zn(II) and mononuclear Cu(II) compounds. Compound formation was found to depend strongly on the pH of the reaction medium. In neutral reaction conditions the biimidazole ligands were bidentate and acting as bridging ligands in binuclear Zn(II) compounds or chelating ligands in mononuclear Cu (II) compound. Lowering the pH to 3-4 led to partial or full protonation of the two N sites of the ligand. With fully protonated ligands only ion pairs (3a,b) were obtained while reactions with partially protonated biimidazoles gave Zwitterionic compounds (2a-d) . In addition to pH, the formation of the Zwitterionic products was found to be dependent on the ring and N-substituents of the biimidazoles. Both of these substituents were needed for Zwitterion formation. In acidic media, the aldehyde substituent on the ring was involved in acetal formation and this process was a crucial step in obtaining Zwitterions. Longer alkyl Nsubstituents (ethyl or propyl) were also required for Zwitterion formation while methyl substituent favored ion pairs regardless of aldehyde substituent. In alcoholic solution the Zwitterionic compounds were decomposed to form free neutral ligand and HZnCl 3 salt.
Experimental Section
The ligand synthesis method was slightly modified from the literature procedure [17] by increasing the reaction time to ensure the completion of reaction. The molar amounts of reagents were optimized to improve the yield and selectivity towards 2,2´-Bi-1R-imidazole -5,5´-dicarboxaldehydes (Df-R 2 biim). The reaction time was extended from 1h. to overnight and molar amounts of n-BuLi and DMF were taken as 5 times to the R 2 biim molar amount.
General procedure for 2,2´-Bi-1R-imidazole-5,5´-dicarboxaldehyde (Df-R 2 Biim; R= Me, Et and Pr)
Under argon gas, a mixture of N,N´-disustituted-2,2´-biimiazole (R 2 biim, 2 mmol), 0.93 mL (6 mmol) of TMEDA and 20 mL of dried THF was cooled to −40 o C. To the above cooled solution, 2.5 M n-BuLi in hexane (10 mmol) was added slowly with the help of syringe. After 15 min stirring at room temperature, a mixture of 0.76 mL (10 mmol) of DMF in 1 mL of THF was added drop wise over a period of 10 min. After complete addition of DMF, the reaction mixture was allowed for stirring overnight at room temperature. After the reaction time, the reaction mixture was diluted with 1N
HCl, and extracted with ethyl acetate. The solvent was evaporated to get solid product. The product was recrystallized from ethanol. Figure S1 . Molecular structures of 2b1, 4ab and 5. C−H hydrogens are omitted for clarity. Thermal ellipsoids are drawn at the 50% probability level.
2,2´-

X-ray Crystallography
In crystal structure (4a) one of the ethyl substituent (C9C, C10D/C9D, C10D) was disordered over two sites with occupancy ratio of 0.48/0.52. The carbon atoms of the disordered groups were restrained with effective standard deviation 0.01 so that their U ij components approximate to isotropic behavior. The highest peak is located 1.04 Å from atom C10 and the deepest hole is located 0.64 Å from atom Zn1B.
In crystal structure (5) some of the alkoxy groups (C13-C15B) were disordered over two sites with occupancy ratio of 0.57/0.43. The Br2 atom was also sligthlty disordered but no disorder model was used in the final structure refinement.
The highest peak is located 0.74 Å from atom Br2 and the deepest hole is located 0.80 Åfrom atom Br2. 
Solution studies of Zwitterionic coordination compounds (2a-b)
Molar conductivity.
Molar conductivity of Zwitterionic coordination compounds (2a-b) in methanol solution was performed by using handylab LF11instrument manufactured by Scott. 
Mass Spectrometry Experimental
Mass spectrometry experiments were performed with ABSciex QSTAR Elite ESI-Q-TOF mass spectrometer equipped with an API 200 TurboIonSpray ESI source from AB Sciex (former MDS Sciex) in Concord, Ontario (Canada). The parameters were optimized to get maximum abundance of the ions under study. Both positive and negative polarization mass spectra were recorded. The measurements and data handling was accomplished with Analyst® QS 2.0 Software.
For ESI-MS measurements, solid 2a and 2b were dissolved in MeOH to obtain a stock solution of 1 mg mL -1 . The stock solution was diluted in MeOH to obtain final samples (20 µM) . The samples were injected into the electrospray ionization (ESI) source with a flow rate of 5 µL min -1
. Mass spectra were externally calibrated by ESI Tuning mix (Agilent Technologies) . The compositions of the ions were verified by comparing experimental and theoretical mass values as well as isotopic distributions.
Results
ESI-MS analyses for 2a and 2b
were performed on positive and negative polarizations and they produced very similar spectra in methanol. In positive polarization spectra ions corresponding to [2-ZnCl 3 ] + were observed as base peaks (see 
